The endogenous pathogen Candida albicans is the most virulent species of the genus Candida and is a leading cause of human candidiasis. Most cases of human systemic candidiasis arise in compromised hosts (15) . Although a major role for neutrophils in normal (nonspecific) host defense against C. albicans has been firmly established (1, 23) , it is conceivable that cell-mediated immunity also plays an important role in the specific defense mechanism(s) against Candida infection (15, 16, 20) .
Recently, gamma interferon (IFN--y) was implicated as a potent macrophage-activating factor (29, 31) in cell-mediated immunity. Upon exposure to recombinant IFN--y, macrophages develop the capacity to kill intracellular bacteria (13, 21) and fungi (5, 6, 8, 14) , to secrete reactive oxygen intermediates (21) , monokines (10) , and cytotoxic molecules (10) , and to nonspecifically kill a variety of neoplastic cells (31, 33) .
Only a few researchers have reported on the killing activity of macrophages against C. albicans. In general, normal human (23, 36) , rabbit (1) , and murine (4) macrophages per se reportedly have only a limited capacity to kill C. albicans. Murine peritoneal macrophages (PMPs) were reported to acquire candidacidal activity when activated with IFN--y (8, 33) . The cytokine macrophage colony-stimulating factor also stimulated murine macrophages to enhance the killing activity against C. albicans by augmented expression of mannose receptors (22) . However, the intracellular mechanisms by which activated macrophages kill C. albicans still remain unclear, although both oxygen-dependent (9) and oxygen-independent (26) mechanisms have been proposed.
In the present study, we provide experimental evidence to suggest that candidacidal activity of IFN--y-activated PMPs * Corresponding author.
is independent from reactive oxygen intermediates and is mediated by proteinaceous substance(s) generated only in a strong acidic milieu of phagolysosomes by activation. IFN-y. IFN--y (Genentech Inc., South San Francisco, Calif.) (17) (26) . For characterizing the candidacidal molecule(s), trypsin (500 ,ug/ml; Sigma), polyanion (poly-Laspartic acid, 5 x 10-4 M; Sigma), or EDTA (0.01%; Sigma) was added to the assay mixtures, or the granule extracts were heated at 100°C for 3 min. The 0.01 M citric acid solution was added to each control. After incubation for 1 h at 37°C, the samples were serially diluted and inoculated onto Sabouraud agar plates. The plates were incubated at 37°C for 24 h, and the resulting colonies were counted. To determine the candidacidal activity of granule extracts at pH 3, 0.01 M citrate buffer (pH 3.0) was used for the assay as well. The activity was expressed as % of killing determined by the following formula: percent killing = [1 -(number of viable yeasts in assay mixture/number of viable yeasts in control mixture)] x 100.
Intraphagolysosomal pH. Flow cytometry (FCM) was used for the measurement of intraphagolysosomal pH of PMPs containing C. albicans cells by using fluorescein isothiocyanate (FITC)-labeled yeast cells. Viable C. albicans cells were washed with physiological saline solution and suspended in carbonate-bicarbonate buffer (pH 9.3) at a concentration of 2.0 x 108 per 2 ml. To this solution, 200 ,ul of fluorescein amine isomer 1 (3 mg/ml; Sigma) in dimethyl sulfoxide was added in drops with continuous stirring, and the reaction mixture was left for 2 h at room temperature protected from light. After FITC-labeled C. albicans cells were washed with physiological saline solution, they were stored at -80°C for later use. After conjugation, 75% of yeast cells remained viable. For calibration curves, the fluorescence intensities (FI) of FITC-labeled yeast cells at various ambient pHs were analyzed by FCM with an EPICS PROFILE (Coulter Co., Hialeah, Fla.). The relative Fl of FITC-labeled yeast cells changed with their ambient pH, and a calibration curve for converting relative FI into ambient pH was obtained.
The FITC-labeled yeast cells were adjusted to a concentration of 4 x 105/ml in RPMI 1640 containing 10% fresh mouse serum, and 0.5 ml of this suspension was added to macrophage monolayers (1 x 106; effector/target cell ratio, 5) in 24-well plates (Falcon 3047). After 30 min of incubation, monolayers were washed thrice with PBS, and PMPs were collected by pipetting in 0.01% EDTA-PBS. In this procedure, 93.0% ± 5.2% and 94.2% ± 4.4% of normal and activated PMPs, respectively, were shown to be removed from the wells by determining their protein contents. Furthermore, when the viability of PMPs in the suspension was determined by trypan blue dye exclusion, 82.3% ± 5.2% and 85.6% ± 2.8% of the normal and activated PMPs, respectively, were viable. Thus, the FI of FITC-labeled C. albicans Effect of alkalization of phagolysosomes on candidacidal activity. C. albicans was added to macrophage monolayers with or without 10 mM NH4Cl (35) , and the candidacidal activity of PMPs was determined after a 3-h incubation as described above. NH4Cl at 10 mM was not toxic for C. albicans.
Statistical analysis. The statistical significance of the data was analyzed by Student's t test.
RESULTS
Time course of macrophage activation for candidacidal activity and H202 generation. Macrophage monolayers were preincubated with IFN-y for 4, 24, 48, or 72 h, and their candidacidal activity was determined to investigate the kinetics of macrophage activation for candidacidal activity. Control PMPs did not kill C. albicans at any stage during the incubation period. When PMPs were preincubated with 100 U of IFN--y per ml for 4 h, candidacidal activity was not exhibited; however, markedly enhanced candidacidal activity (P < 0.01) was observed when PMPs were preincubated for 24 h with IFN-y. The capacity of PMPs activated by IFN--y to kill C. albicans decreased with stimulation time and disappeared when PMPs were preincubated with IFN-y for 72 h (Fig. 1A) .
On the other hand, H202 release of PMPs after triggering with phorbol myristate acetate was markedly increased (P < 0.01) when PMPs were preincubated for more than 48 h with IFN--y, whereas PMPs preincubated for 4 or of control PMPs (Fig. 1B) , indicating that enhanced H202 generation requires preincubation with IFN--y for more than 48 h. Furthermore, when H202 generation of PMPs was triggered by phagocytosis of viable cells of C. albicans, PMPs treated with IFN--y for 24 h did not exhibit enhanced H202 generation, whereas PMPs treated with IFN--y for more than 48 h exhibited enhanced H202 generation (data not shown). These results suggest that IFN--y-activated PMPs are able to kill C. albicans when enhanced generation of reactive oxygen intermediates is not detectable.
Effect of P-L fusion on candidacidal activity in IFN-,yactivated PMPs. P-L fusion in PMPs after phagocytosis of C. albicans cells was assessed to clarify whether enhancement of P-L fusion caused candidacidal activity of activated PMPs. In spite of culturing PMPs for 24 h without IFN--y, a high rate of P-L fusion similar to that in activated PMPs was noted, although these PMPs exhibited only a low level of candidacidal activity (Table 1) . On the other hand, when activated PMPs were treated with colchicine (an inhibitor of microtubule polymerization) and infected with C. albicans, candidacidal activity was significantly decreased (P < 0.01) in relation to a decreased rate of P-L fusion (Table 1) , whereas ingestion of yeast cells was not inhibited by colchicine treatment. These results indicate that P-L fusion is intrinsic in normal PMPs after phagocytizing C. albicans.
Candidacidal activity of granule extracts. The killing activities of granule extracts from normal and activated PMPs against C. albicans were compared. Interestingly, candidacidal activities were detected not only in extracts from lysosomes of activated PMPs but also in those of normal PMPs, and the total amounts of protein in the extracts from activated PMPs were not significantly higher than those from normal PMPs; yields of proteins were 31.6 + 4.6 and 44.0 ± 4.8 ,ug per 107 cells of normal and activated PMPs, respectively, in three experiments. Since the dose-response curves of candidacidal activities of granule extracts from activated and normal PMPs were similar to each other when equal amounts of protein were tested (data not shown), the total activity of the candidacidal substance in the granule extract from activated PMPs seems to be similar to that of the extract from normal PMPs.
The candidacidal activities of granule extracts from normal and activated PMPs under various conditions are shown in Table 2 . The fact that EDTA did not affect killing activity made it clear that the reduction of colonies observed in this assay system was not due to aggregation of yeast cells (26 polyaspartic acid, at a concentration 50-fold higher than that used for inhibiting the killing activity of cationic peptide from neutrophils (11) did not affect the killing activity of the extracts tested. In contrast, the activity was abolished by trypsin (500 ,ug/ml). Furthermore, the sensitivities of the candidacidal substance(s) in extracts from both normal and activated PMPs to the physicochemical agents used were identical. These results indicate that the effector molecules in the granule extracts of both PMPs are noncationic heatstable proteinaceous substances. These results suggest that these molecules are not newly synthesized by stimulation with IFN--y but rather function effectively only in the activated PMPs, and that extraction of proteins from lysosomes with the aid of citrate at pH 2.7 induces modification of the constitutively produced lysosomal proteinaceous substance(s) to be endowed with candidacidal activity. (Fig. 2) . The calibration curve of ambient pH against FT of FITC-labeled C. albicans is shown in Fig. 3 .
When macrophage monolayers were incubated for 30 min with FITC-labeled live C. albicans cells (effector/target cell ratio, 5) in the presence of fresh mouse serum, removed from the wells with EDTA, and examined microscopically, all yeast cells were determined to be ingested; they were found in phagosomes surrounded by clear zone, and there was no PMP with more than two yeast cells. The percentage of candida-containing PMPs was the same in normal and activated PMPs (27.4% + 0.8% and 26.5% + 2.9%, respectively, in three experiments). These PMPs revealed three populations (regions I, II, and III) by FCM analysis (Fig. 4B and  D) . From the calibration curve in Fig. 3 , we note that the high FI (>201) peak (region III) ranged from pH 6 to 8, the middle FI (11 to 200) peak (region II) ranged from pH 4 to 6, and the low Fl (<10) peak (region I) ranged from pH 4 down, indicating that PMPs were divided into three populations that contain acidic (pH <4), weakly acidic (pH 4 to 6), and neutral (pH >6) phagolysosomes, respectively. Since nonspecific fluorescence was observed in PMPs without ingesting FITC-labeled yeast cells at FT below 10 thought to fall on the above region I. Furthermore, since the FT of intracellular yeast cells is quenched by macrophages, the detected FT of intracellular yeasts was deemed to be lower than their exact value. Therefore, although the exact pH of phagosomes in region I cannot be shown, the number of phagolysosomes with low pH was calculated by subtracting nonphagocytizing macrophages from the total macrophages in region I. The precise numbers of cells in each region of Fig. 4 detected by the FCM analyzer and the frequencies of phagocytizing PMPs in each region are shown in Table 3 . Correlation between acidification of phagolysosomes and killing activity in PMPs. The frequencies of incidence of phagolysosomes with each pH range were determined by calculating results of three experiments, one of which is shown in Table 3 . In PMPs that were preincubated without IFN--y for 24 or 72 h, less than 2% of phagolysosomes showed a low pH (Fig. 4, region I ). In contrast, in activated PMPs preincubated with IFN-,y for 24 h, which showed enhanced candidacidal activity, phagolysosomes with low pH were markedly increased (more than 40%) (Fig. 5A) . The frequency of incidence of phagolysosomes with low pH was similar to that of intracellular killing; the killing rate of C. albicans in 24-h-activated PMPs ranged from 35 to 50% in repeated experiments (Fig. 1) . On the other hand, 72-hactivated PMPs, which lacked candidacidal activity (Fig. 1) , exhibited a low frequency of incidence of phagolysosomes with low pH, similar to that the control PMPs (less than 2%) (Fig. 5B) . Moreover, although incubation in buffer at pH 3.0 per se did not affect viability of C. albicans, the extracts killed yeast cells at pH 3.0 (data not shown). These results indicate that candidacidal activity of PMPs correlated well with induction of highly acidified phagolysosomes and suggest that about 40% of the PMPs were activated by IFN--y to induce acidic phagolysosomes, leading to candidacidal activity, and that generation of a candidacidal substance(s) may occur in phagolysosomes with low pHs in activated PMPs.
Effect of NH4C1 on candidacidal activity of PMPs. To further verify the correlation between candidacidal activity and acidification of phagolysosomes, we examined the candidacidal activity of the activated PMPs in the presence of NH4Cl, which has been shown to raise lysosomal pH (35) . The candidacidal activity of activated PMPs that were preincubated with IFN-y for 24 h was significantly decreased (P < 0.01) in the presence of NH4Cl; the killing of C. albicans by activated PMPs without NH4Cl and that with NH4Cl were 38.0% + 3.4% and 20.2% + 3.1%, respectively. This result further suggests that enhanced acidification of phagolysosomes is essential for killing of C. albicans in IFN--yactivated PMPs.
DISCUSSION
The present experiments demonstrated a close correlation between killing of C. albicans and enhanced acidification of phagolysosomes in PMPs activated by IFN--y, leading to generation of candidacidal proteinaceous substance(s). Oxygen-dependent killing mechanisms are deemed less important in candidacidal activity of murine PMPs, because the ability of activated murine PMPs to generate reactive oxygen intermediates is intrinsically much lower than that of neutrophils (2), although oxygen-dependent candidacidal mech- Table 3. anisms were reported in IFN--y-treated human monocytederived macrophages (36) .
P-L fusion is essential for microbial killing in phagocytes. Although some obligate or facultative intracellular microbes are known to inhibit P-L fusion (3, 18) and enhanced P-L fusion has been shown only in activated macrophages in association with enhanced killing activity (6, 21), neither inhibition by C. albicans nor enhancement by IFN--y of P-L fusion in PMPs was observed in our case. Mor and Goren (28) reported that when PMPs were infected with live C. albicans, P-L fusion was not observed with acridine orange staining, whereas fusion was evident with electron microscopic observation. In our assay system, a high effector/ target cell ratio of phagocytosis (ratio, 10) made possible the detection of P-L fusion by using acridine orange staining. In fact, the rate of P-L fusion detected with acridine orange staining was significantly reduced by using a low effector/ target cell ratio of phagocytosis (0.2 or less; data not shown). (24) (25) (26) 32) ; the activity was not inhibited by a high concentration of polyanion (Table 2) and was not detected in the cathodal region of polyacrylamide gel eluates, where killing activity of the neutrophil extract was detected (data not shown).
A candidacidal substance with the same physicochemical characteristics was extracted from both normal and activated PMPs by citric acid at pH 2.7, irrespective of the candidacidal activity of the PMPs. Since the phagolysosomes in normal macrophages generally exhibit a pH of approximately 5 .0 (19), we speculated that the intraphagolysosomal pH is significantly low in activated PMPs, thereby modifying the constitutive lysosomal proteins that exist in both activated and normal PMPs. Therefore, we devised a method for measurement of intraphagolysosomal pH by using FCM to determine the pH of each phagolysosome separately and utilizing the pH sensitivity of fluorescence of FITC (30) . Using FCM analysis, we found three populations of PMPs after FITC-labeled C. albicans cells were phagocytized. This method, although highly advantageous, still precludes the determination of the absolute value of phagolysosomal pHs less than 4 by interference with nonspecific fluorescence of PMPs and by quenching the fluorescence of yeast cells inside PMPs. However, the frequency of inci-dence of phagolysosomes with pHs less than 4 among all phagolysosomes could be calculated by the data from FCM profiles ( Table 3 ). The possibility that the low FI of yeast cells in phagolysosomes of activated PMPs may be induced by breaking of FITC molecules with some hydrolytic enzymes in lysosomes cannot be ruled out at the moment. However, the fact that the candidacidal substance in lysosomes can be extracted even from normal PMPs with low pH suggests that generation of the substance may occur in phagolysosomes with low pHs in activated PMPs. Furthermore, these extracts were found to kill C. albicans at pH 3. When IFN-y-stimulated PMPs ingested the FITC-labeled C. albicans, phagocytizing PMPs were divided into three populations; 40% were found to contain acidic phagolysosomes (Fig. 5) Significantly, the rate of phagolysosomes with low pHs closely correlated with the candidacidal activity of PMPs ( Fig. 1 and 5 ). The evidence that 24-h-activated PMPs exhibited 35 to 50% killing and 40 to 45% incidence of phagolysosomes with low pH supported the above-mentioned hypothesis. Additional evidence showed that the candidacidal activity of activated PMPs decreased with alkalization of phagolysosomes by NH4Cl and that prolonged stimulation of PMPs with IFN--y induced the decay of candidacidal activity as well as the disappearance of phagolysosomes with low pH (Fig. 1 and 5 ). Furthermore, in J774.1 cells, macrophagelike cells that are unable to kill C. albicans irrespective of stimulation with IFN--y, phagolysosomes with low pH were not detected (data not shown).
The mechanisms for acidification of phagolysosomes by IFN-y activation and for the generation of candidacidal substance(s) in highly acidic phagolysosomes are still unclear. With regard to the latter, however, the following is hypothesized: (i) a lysosomal protein is split by a lysosomal proteinase that acts only in an acidic pH, followed by generation of an active substance; and (ii) strong acidification of phagolysosomes per se induces a conformation change to the active form of lysosomal protein(s) (12) . Although numerous reports have attempted to elucidate the mechanism of enhanced microbicidal activity in IFN--yactivated macrophages (6, 14, 21) , to our knowledge this report is the first to document that enhancement of candidacidal activity is mediated by proteinaceous substance(s) generated only in a strong acidic milieu of phagolysosomes induced by activation with IFN-y. We propose that further investigation is required to characterize such an effector substance(s) and its role in killing of intracellular pathogens in activated macrophages.
